Abstract 10-Methylisoalloxazine (1), 7,10-dimethylisoalloxazine (2), 3,7,10-trimethylisoalloxazine (3), 10-hexyl-7,8-dimethylisoalloxazine (4) and 10-hexyl-8-hydroxyisoalloxazine (5) have been studied by multinuclear magnetic resonance spectroscopy in solid state and in solution, comparatively to alloxazine (6). Tautomerism in such derivatives has been discussed on the basis of the calculated stabilities of the different tautomers and their heats of formation at the B3LYP/6-31G** level. The crystalline structures of compounds 2 and 4 have been determined.
Introduction
Isoalloxazines are the chemically active structures in the naturally occurring flavins. Flavins act as redox co-factors in flavoenzymes under two possible forms FMN (Flavin Mononucleotide) and FAD (Flavin Adenine Dinucleotide), both derived for riboflavin (vitamin B 2 ) ( Figure 1 ). 1 They are versatile redox systems that are capable of accepting and transferring one or two electrons to other molecules. Still, much remains to be understood about their structural features in the active center of different flavoenzymes, therefore simple model studies in the solid state could bring some light into their characteristics. We report here the structural characterization by multinuclear NMR in solid state and in solution of five isoalloxazines (1) (2) (3) (4) (5) , comparatively to alloxazine (6) , as well as X-ray studies on 7,10-dimethylisoalloxazine (2) and 10-hexyl-7,8-dimethylisoalloxazine (4).
Results and Discussion
According to the literature the redox properties of isoalloxazines are strongly influenced by substitution at position 7;
2 it has also been reported that substitution in the benzene ring of isoalloxazines makes the entire molecule less planar. 3 Therefore compounds 1-5 were prepared to study the influence of C-substitution from a structural point of view. The procedure of Yoneda et al. whose synthetic route is shown in Scheme 1 was used, 4 starting from the corresponding substituted anilines that reacted with 6-chlorouracil or 6-chloro-3-methyluracil to afford the 6-substituted pyrimidine-2,4(1H,3H)-dione derivatives 7a-e. Their subsequent treatment with sodium nitrite in acetic acid yielded the isoalloxazine-5-oxides 8a-e, which after reaction with sodium dithionate afford the isoalloxazines 1-5. [4] [5] [6] All steps occurred with good yields and the isolation procedures were straightforward (see experimental part).
In the literature several solution NMR studies of alloxazine, isoalloxazines [7] [8] [9] and riboflavine esters have been reported. 10 However, to our knowledge no study of these compounds in the solid state has yet been described. Isoalloxazines 1-3 are highly insoluble in most common organic solvents but isoalloxazines 4 and 5 are more soluble due to the N-hexyl chain in position 10. Table 1 quantify the methyl and hydroxyl substituent chemical shift effects and support the coherence of our data. With regard to the pyrimidine-2,4-dione moiety, the δ of the carbon of the oxo group at position 4 is higher than the one found for the carbon at position-2, similarly to what was found for uracil itself.
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In Figure 4 we present the 13 C CPMAS NMR spectra of 3 and 6, respectively. As it can easily be observed, the most characteristic signal is C-10a which shifts upfield from a 10H-3H tautomer in the representative isoalloxazine (3) to a 1H-3H one in alloxazine (6) . On the other hand carbons C-9a, C-4a and C-5a move downfield. Table 1 .
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C-NMR chemical shifts (δ in ppm) of substituted isoalloxazines (1-5) and alloxazine (6) . In brackets are the substituent chemical shift effects. 
X-Ray Crystallography
Suitable crystals for X-ray diffraction experiments were obtained by crystallization from formic acid-water for 7,10-dimethylisoalloxazine (2) and dimethylsulfoxide-water for 10-hexyl-7,8-dimethylisoalloxazine (4). All attempts to get appropriate crystals of compounds 1, 3 and 5 were unsuccessful. Figure 6 shows an ORTEP perspective (40% probability) of the molecular structures of 2 and 4, including the atom numbering. In both cases the molecules are planar within experimental error. The maximum deviation of the best least-square plane considering all atoms of the rings, is 0.183(3) for C12 in 2 and 0.049(4) for C11 in 4. Selected bond distances and angles are collected in Table 3 and as expected no appreciable differences in both compounds are observed. The influence of the hexyl group accounts only for the distinct packing modes, sheets in the case of compound 2 and one-dimensional in compound 4 (Fig. 7) . As seen in Figure 7 both compounds present N3-H3...O1 intermolecular hydrogen bonds, which lead to dimers (Table 4) . Additionally, in both isoalloxazines the O2 shows interaction between dimers, that in 2 lead to a broad slice parallel to (-1 0 3) plane and in 4 to a ribbon parallel to the b axis.
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Page 28 Finally we have performed density functional calculations (B3LYP/6-31G** level) on the tautomeric forms of the alloxazine/isoalloxazine process ( Figure 8 ) the results being gathered in Table 5 . The most stable tautomer is 1H-3H that corresponding to what we have found for alloxazine (6) , and the stability order in kJ mol 
Conclusions
Tautomerism of alloxazine and isoalloxazines has been discussed from a theoretical point of view by means of density functional calculations at the B3LYP/6-31G** level, concluding that the most stable form is the 1H-3H followed by the 10H-3H, of much higher energy (53.8 kJ mol -1 ). These results are supported by multinuclear NMR spectroscopy in solution and in the solid state, as well as by X-ray diffraction analysis.
General. Alloxazine 6 was purchased from ALDRICH and used as received after checking its purity by DSC (M.p. 377.2 ºC). All compounds were dried at 100 ºC using phosphorus pentoxide as drying agent. Melting points for alloxazine 6 and isoalloxazines 1-5 were determined by DSC on a Seiko DSC 220C connected to a Model SSC5200H Disk Station and for the other compounds a ThermoGalen hot stage microscope was used. Computational details. The optimization of the structures of all compounds discussed in this paper was carried out at the hybrid B3LYP/6-31G** level with basis sets of Gaussian type X-Ray data collection and structure refinement. Data collection for compounds 2 and 4 was carried out at room temperature on a Bruker Smart CCD diffractometer using graphitemonochromated Mo-Kα radiation (λ = 0.71073 Å) operating at 50 kV and 30 mA. In both cases, data were collected over a hemisphere of the reciprocal space by combination of three exposure sets. Each exposure of 30s covered 0.3 o in ω. The cell parameters were determined and refined by a least-squares fit of all reflections. A summary of the fundamental crystal and refinement data are given in Table 6 . The structures were solved by direct methods (SHELXS-97) and refined by full-matrix least-square procedures on F 2 (SHELXL-97).
14 All non-hydrogen atoms were refined anisotropically. In 4, the hexyl chain was refined anisotropically but using geometrical restrains and a variable common carbon-carbon distance. For 2 the hydrogen atoms of the methyl groups were included in calculated positions and refined riding on their carbon atoms with a common isotropic thermal parameter. The rest of hydrogens were located and included on a difference Fourier map and their coordinates and thermal parameters kept constant. For 4 the hydrogen atoms were included in calculated positions and refined riding on the respective carbon atoms with two common isotropic thermal parameters. In both compounds 2 and 4, the H3 bonded to N3 has been located and included on a difference Fourier map, their coordinates refined and a common isotropic thermal parameter fixed.
Largest peaks and holes in the final difference map were 0.199 and -0. Synthesis. Pyrimidine-2,4(1H,3H)-dione derivatives (7a-7e). A mixture of 10 mmol of 6-chlorouracil for 7a, 7b, 7d and 7e and 6-chloro-3-methyluracil for 7c and 20 mmol of the corresponding anilines (N-methylaniline for 7a, N-methyl-p-toluidine for 7b and 7c, 4,5-dimethyl-N-hexylaniline for 7d and 3-hydroxy-N-hexylaniline for 7e) were heated at 180 ºC for 5 minutes in a Schlenk tube. The mixtures were let to cool down and diethyl ether was added. A white precipitate appeared in all cases that was washed with more diethyl ether and filtered. The 
